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Cosmic ray antiprotons have been detected for over 20 years and are now measured
reliably. Standard physics predicts a spectrum and abundance of secondary an-
tiprotons consistent with all current measurements, placing limits on non-standard
antiproton properties and soon on exotic Galactic antiproton sources. Future ex-
periments and theoretical developments are discussed.
1 General Properties of Cosmic Rays
Interstellar (IS) cosmic rays consist mainly of protons with a smaller admix-
ture of heavier nuclei. Antiprotons (p’s) occur at an abundance of 10−4;−5 of
p’s. These energetic particles, kinetic energy K > 10 MeV, are Galactic in
origin, not to be confused with the much denser solar wind plasma, with much
lower K. The relative element abundances in cosmic rays (CRs) indicate that
CR primaries are ionized and accelerated in the IS medium, probably by su-
pernova shocks. 1;2 Once accelerated to high energies, the primaries induce
the production of further CRs, the secondaries (e+’s, p’s, certain isotopes), in
the IS medium and at local sites in the Galaxy.
1.1 Cosmic Ray Antiprotons
Standard secondary CR antiprotons are produced by pA ! pX , with p =
high-energy CR, A = IS medium nucleus of atomic weight A, and X = any-
thing consistent with charge and baryon number conservation. The threshold
channel is pA ! pppX , with threshold Ep = (3+4=A)mp. The dominant case
is H, A = 1. The only other signicant contribution comes from He targets.
The IS medium is ' 93% H and 7% He by number. 3;4;2
The secondary p’s then propagate in the Galaxy, subject to losses elastic
(scattering, including energy-loss) and inelastic (extra-Galactic leakage, anni-
hilation). Leakage is dominant; the Galactic storage time  13 Myr as inferred
from the abundance of unstable CR isotopes. The tangled Galactic magnetic
eld BGal  0.3 nT and small wind VGal < 20 km sec−1, constrained by
unstable CR isotope abundances, control extra-Galactic CR diusion. More
complicated transport is possible, including reacceleration shocks and varia-
tion of Galactic geometry. 2;5;6
0003485: submitted to World Scientic on April 4, 2000 1
The CR fluxes measured at the top of Earth’s atmosphere are aected by
their transport through the heliosphere, the Sun’s magnetic sphere of influ-
ence, the solar wind (ecliptic  400 km sec−1, polar  750 km sec−1) of e−
and ions carrying an embedded heliomagnetic eld B (about 5 nT at Earth).
CRs gyrate around the eld lines, which fluctuate with episodic shocks, espe-
cially at times of solar magnetic maximum (roughly every 11 years, when the
eld changes sign). The wind imposes a convective drift and performs work on
CRs, lowering their energies as they \ght upstream". Realistic prediction of
Earth-measured CR fluxes must include these mechanisms, which are impor-
tant at lower K and aect oppositely-charged CRs dierently. 7 Heliospheric
in situ measurements have recently improved greatly. 8;9
1.2 Exotic Sources of Cosmic Ray Antiprotons
The density of IS matter nH  1 H atom cm−3 and the known spectrum and
abundance of CR p primaries x the predicted spectrum and abundance of p
secondaries, if the pA ! pX cross section (p) is known. 3 Let Qp(K) be the
dierential production rate (antiprotons cm−3 MeV−1 sec−1); schematically,
Qp(K) =
∫
dK 0 np(K 0)v(p)nH  d(p; K; K 0)=dK 0 : (1)
The pp process has been measured in the laboratory, and the p+He case can
be inferred from the pp cross section (see subsection 3.2). The dierential p
abundance np(K) (antiprotons cm−3 MeV−1) is related to Qp(K) by np(K)
= e(K) Qp(K), where e is given by
1=e = 1=stor + 1=ann +    ; (2)
summing over all loss mechanisms. The sum is dominated by the rst term,
the extra-Galactic diusion rate. Non-standard Galactic transport is reflected
by changes in e . A more complex picture, with explicit spatial dependence
on Galactic geometry, has been made necessary by Galactic CR synchrotron
radiation maps. 5
The spectrum np(K) rises sharply from Kp = 0, because the cross section
(p) has steep threshold dependence. np(K) and np(K) fall o rapidly at
high momentum (as P−2:75), leaving np(K) with a peak at K  1{2 GeV.
The lower threshold for He enhances the low-K spectrum somewhat.
Secondary p’s do not rule out exotic p sources. These can change the
shape of the p spectrum, particularly at low K, as well as the fall-o at K >
2 GeV. A logical source for exotic p’s would be annihilating or decaying dark
matter in the Galactic halo. The most popular models feature annihilating
supersymmetric WIMP dark matter (usually neutralinos ~0) 10 or decaying
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primordial black holes. 3 The predictions depend on model details, 6;11 but
both have roughly flat p production spectra as K ! 0 and a non-standard
fall-o with K at high energies.
SUSY halo dark matter p’s (from ~0 ~0 ! qq) require WIMP masses
< few 100 GeV and (ann)v(WIMP) > 0.1 pb to be seen. 6 The hadronic
shower evolves into p, p, e, , and γ. An extension of minimal SUSY allows
R-parity violation, allowing WIMPs to decay to ordinary matter, violating
lepton and/or baryon number. In a realistic scenario, 12 L violation leads to
excess  (), as well as pp and e. An exciting possible signal of annihilating
or decaying CDM in the Galactic halo is suggested by gamma ray maps of
the orbiting Compton Gamma Ray Observatory’s EGRET instrument. 13
Primordial black holes (PBHs) may have been have been produced in the
quantum gravity era. 3 They would evaporate as their temperatures rise and
can produce signicant p’s and p’s at a late time when TBH > QCD. The
relic PBH density and p production rate have been estimated. 11
1.3 Intrinsic Properties of Antimatter: CPT Symmetry
Antimatter properties should be charge-conjugated from the corresponding
matter by the CPT symmetry of local relativistic quantum eld theory
(LRQFT). Some p properties have been checked in the laboratory directly,
including mass, charge, magnetic moment, and the neutrality of hydrogen and
antihydrogen. 14 Laboratory limits have been obtained for the p lifetime:a the
CERN LEAR experiment (p > 0.08 yr) and the antihydrogen Penning trap
of Gabrielse et al. (p > 0.28 yr). 14 The best current laboratory limit is that
of the Fermilab APEX experiment (p > 50 kyr for p ! −X and 300 kyr
for e−γ). 15 A proposed APEX II experiment could reach p lifetime limits of
1{10 Myr. The Galactic storage time for p’s  10 Myr, and intrinsic p decay
would modify e . If the decay lifetime is short enough, the p spectrum is
signicantly distorted. 16
Modication of basic physics would be necessary to break CPT. 17;18
Lorentz and CPT violation are possible within QFT. 18 Perturbative string
dynamics has been shown to preserve CPT in the eld target space, 19 but
non-perturbative string eects associated with compactication may evade this
result. 20 Extensions of quantum mechanics with non-unitary time evolution
violate CPT, by violating locality and/or Poincare symmetry. Non-unitarity
has been proposed as a consequence of spacetime horizons 21 and has been
powerfully limited in the K0{K
0
system 22 (to about 10−16); but not at all
aAll lifetime limits quoted here are at 90% C.L.
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well in other systems, particularly baryons. 23
The most plausible CPT violation lies beyond the Planck scale, in quan-
tum gravity, with generalization of global Poincare symmetry. Such eects are
thought to be suppressed by the large Planck mass MPl  1019 GeV. But if
gravity is fundamentally associated with \large" extra dimensions at scales as
low as 1 TeV, CPT violation may not be suppressed at accessible energies. 24
2 Measurements of Cosmic Ray Antiprotons
All but recent space-based CR p experiments have flown on very high altitude
balloons. The measurements are conventionally quoted as the p=p ratio of
fluxes, as a number of theoretical and experimental uncertainties cancel: IS
primary p flux normalization, detector flux normalization, and (for K > 500
MeV) diusive modulation.
The rst two Western experiments detected a p flux higher than the stan-
dard secondary prediction, but lacked good particle identication. 25 Stimu-
lated by the possibility of a CR p excess, more measurements were completed
with better particle identication, and upper limits were established on the
CR p flux contradicting the rst-generation experiments. 26 Contemporane-
ously, a Soviet group reported fluxes consistent with standard secondary pre-
dictions. 27 The most recent experiments include better particle identication
by magnetic spectrometer, resulting in much lower backgrounds. 28
The recent analysis of Geer and Kennedy concludes that the standard p
secondary flux alone can account for the observed flux in the relevant energy
range, within uncertainties. 16 The resulting limit on the intrinsic decay life-
time, p > 0.8 Myr, is the best limit currently feasible. Subsequent analysis
then infers limits on baryonic CPT violation. 23 The low-K spectrum has been
excluded from the analysis because of the diculty of reliably calculating dif-
fusion modulation in that range. While this exclusion does not signicantly
aect the p limit, it does limit conclusions about the absence of exotic p
sources.
3 Future Developments and Prospects
Uncertainties intrinsic to cosmic ray physics will probably limit deduction of
antimatter properties to about the level already achieved. But the search for
exotic sources of primary p’s is still open, especially at low energy.
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3.1 More and Better Measurements
Some recent experiments have taken data not yet completely analyzed:
CAPRICE and HEAT flights, as well as the prototype AMS (1998) and
PAMELA (1995 and 1997) systems tested on Space Shuttle STS-91 and the
Mir space station, respectively. 29;30 The HEAT99 data are especially of in-
terest because of their large energy range (K = 4{50 GeV). The MASS91
experiment has reanalyzed its data. 31 MASS91, HEAT99, and PAMELA will
decisively address the paucity of data at the highest energies.
The full PAMELA is scheduled to fly on an unmanned satellite in 2002-05
and can detect p’s at a sensitivity of 10−7 over a range K = 0.1{150 GeV. The
full AMS is scheduled for the International Space Station Alpha in 2003-06,
with p sensitivity of 10−6 for E > 5 GeV. 30
3.2 Importance of the Low-Energy Spectrum
The low-energy range has been partly mapped by the BESS experiment. Ex-
otic primary p’s here should be detectable with the current or next generation
of experiments. The obstacles to conclusive limits on a non-standard p flux
at low energy are now mainly theoretical. The rst crucial eect needing
clarication is the \subthreshold" p production on IS He. Laboratory mea-
surements of the p production on heavy nuclei in the 1990s provide evidence
for a scaling relation between the A > 1 and A = 1 cases. 32 Work is underway
to incorporate this eect into simple nuclear models. 6;33
The second is providing a complete heliospheric modulation calculation
including diusion, as well as the wind and magnetic drift. The present gap
in the literature is dened on one side by thorough modulation calculations
applied to K < 100 MeV CRs 7 and on the other by accurate modulation
done at K > 500 MeV without diusion. 16 The charge-dependent magnetic
drift is essential to predicting the p=p ratio correctly, and a full calculation
covering K = 100{500 MeV is essential to interpreting the BESS data. 34
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